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We demonstrate one-dimensional sub-Doppler laser cooling of a beam of YbF molecules to 100 μK.
This is a key step towards a measurement of the electron’s electric dipole moment using ultracold
molecules. We compare the effectiveness of magnetically assisted and polarization-gradient sub-Doppler
cooling mechanisms. We model the experiment and find good agreement with our data.
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Molecules are increasingly important for testing funda-
mental physics. They are used to probe parity violation in
nuclei [1] and chiral molecules [2,3], search for changing
fundamental constants [4–8], test quantum electrodynamics
[9], and measure the electric dipole moments of electrons
[10–12] and protons [13]. Measurements of the electron’s
electric dipole moment (eEDM) using molecules tightly
constrain the parameters of theories that extend the
Standard Model [14]. For an atom or molecule with
unpaired electrons, the eEDM induces a linear Stark shift
in an applied electric field, which through relativistic
interactions [15] can greatly exceed that of the bare electron
[16,17]. This enhancement is proportional to the polariza-
tion, so is generically much larger for polar molecules than
for atoms [18,19]. Strong polarization also suppresses
systematic errors arising from motional magnetic fields
and geometric phases [20]. In some molecules, the polari-
zation can be reversed by state selection, which helps to
avoid systematic errors [21–23]. The first molecular deter-
mination of the eEDM used a beam of YbF molecules,
obtaining the limit jdej < 10.5 × 10−28 e cm [10]. An
experiment using ThO molecules improved on this, yield-
ing jdej < 9.4 × 10−29 e cm [11,24], and an experiment
using trapped HfFþ ions recently gave a similar limit [12].
The linewidth of an eEDM measurement, or any
spectroscopic measurement, cannot be smaller than the
inverse of the coherence time, which for an untrapped





. Here, m is the molecular mass, T is the
translational temperature, and σmax is the useable size of the
sample, limited by the detection area or other geometric
constraints. eEDM measurements using molecular beams
produced at T ≈ 4 K by supersonic expansion or buffer
gas cooling have been limited to τmax ≈ 1 ms [10,11].
Significant improvement requires a much lower temper-
ature. Recently, laser cooling has been applied to a few
molecular species. A beam of SrF was cooled transversely
by both Doppler and Sisyphus cooling forces [25], slowed
by radiation pressure [26] and captured and cooled in a
magneto-optical trap [27–30]. A beam of YO has been
cooled, compressed and slowed [31,32], and CaF has been
slowed [33–35], magneto-optically trapped [36–38] and
cooled below the Doppler limit [36]. Recently, polyatomic
SrOH was cooled using Sisyphus forces [39]. Although
proposals have been made [13,40–42], laser cooling has not
been applied to the molecules needed for EDM measure-
ments. Here, we show how to laser cool YbF, an important
molecule for measuring eEDM. It is more difficult to cool
than those cooled previously because (i) it is heavier, so
more photons must be scattered, (ii) its vibrational branch-
ing ratios are less favourable, so it is harder to scatter many
photons, and (iii) the excited states are strongly perturbed,
requiring careful design of the cooling scheme [43]. We
investigate two sub-Doppler mechanisms, exploring how
their effectiveness at cooling molecules depends on laser
polarization and applied magnetic field. We also demon-
strate a successful approach to modeling sub-Doppler
cooling in such complex molecular systems. With the help
of these advances, we cool a beam of YbF below 100 μK,
so that a coherence time exceeding 150 ms is feasible in a
beam, a fountain [40,44], or a trap [45].
Figure 1(a) illustrates the experiment. At z ¼ 0, pulses of
YbF are emitted from a cryogenic buffer gas source similar
in design to Ref. [46]. The pulses have duration 250 μs and
mean forward speed vz ≃ 160 m=s. The flux of 174YbF in
the first rotationally excited state is 5 × 109 per steradian
per pulse. After a 4 cm diameter aperture at z ¼ 20 cm, the
molecules pass through the 20-cm-long laser cooling
region, the 5.5-cm-long clean-up region, and the detectors
which are l1 ¼ 41 cm and l2 ¼ 86 cm from the end of the
cooling region. A magnetic field B, applied along z, is
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uniform to within 0.1 G throughout the cooling region.
Shim coils cancel the background magnetic field.
Figure 1(b) shows the relevant energy levels of 174YbF
and the branching ratios between them [43,48]. The
main laser-cooling transition is the rotationally closed
X2Σþðv ¼ 0; N ¼ 1Þ–A2Π1=2ðv0 ¼ 0; J0 ¼ 1=2Þ transition
at 552 nm, with linewidth Γ ¼ 2π × 5.7 MHz. Additional
lasers repump molecules that decay to the v ¼ 1, 2, 3
vibrational states of X2Σþ, implementing the scheme
proposed in Ref. [43]. Each ground (excited) state has
4 (2) hyperfine components, all with different intervals
[49]. Those of the 552 nm transition are shown in Fig. 1(c).
Acousto-optic and electro-optic modulators add the
radio-frequency sidebands required to excite all ground
hyperfine levels. All the light is coupled into a single-mode
polarization-maintaining optical fiber that delivers to the
molecules typical powers (Pv) of 50, 170, 18, and 6 mW in
the four wavelengths addressing v ¼ 0, 1, 2, 3. The light is
collimated to give a Gaussian intensity distribution with
4.4 mm 1=e2 diameter. It is split into two beams of equal
intensity, which enter the cooling region from opposite
sides, crossing back and forth 38 times in the xz plane
between parallel mirrors. The beams are linearly polarized,
one at π=4 to the y axis and the other at π=4þ ϕ. Each
laser, with sidebands added, is separately tuned to produce
the maximum fluorescence in the laser cooling region. The
552 nm laser is then detuned by the angular frequency Δ,
with sub-Doppler cooling expected for Δ > 0 [50].
The light in the cleanup region has all the repump
frequencies and none of the 552 nm frequencies, so any
population remaining in X2Σþðv ¼ 1; 2; 3Þ is driven to
X2Σþðv ¼ 0; N ¼ 1Þ. The spatial distribution of molecules
in this state is measured by recording laser-induced
fluorescence on one of two CCD cameras. The 552 nm
probe light used in these detectors is the same as the cooling
light, but independently tuned to Δ ¼ 0. This light crosses
the molecular beam at right angles and is retro-reflected.
Figures 2(a)–2(c) show images obtained from CCD2
when B ¼ 0.8 G and ϕ ¼ 0. In (a) the cooling light is
absent and we observe a uniform fluorescence intensity in
the x direction, reflecting the uniform molecule density and
detection efficiency across the field of view. The fluores-
cence along z reflects the intensity distribution of the probe
laser. In (b) the cooling is applied with Δ ¼ þ1.5Γ and we
see a bright spot at the center while in (c), Δ ¼ −1.5Γ, and
we observe a hole. We integrate these images along z, over
the 8 mm range shown, then divide the distribution with
cooling applied (b), (c) by the one with no cooling (a),
giving the normalized fluorescence distributions shown in
Fig. 2(d). The narrow peak obtained when Δ ¼ þ1.5Γ
corresponds to a beam with a highly collimated center and
is due to magnetically induced sub-Doppler cooling (see
below). Further out, there is a dip where molecules that
form the peak would otherwise have been. When
Δ ¼ −1.5Γ, there is a dip at the center with broad wings
on either side because the same mechanism now drives
slow molecules to higher speeds. Doppler cooling also
contributes to these broad wings. The distance between the
minima (at xmin) for Δ ¼ þ1.5Γ, or between maxima for
Δ ¼ −1.5Γ, increases from CCD1 to CCD2. From this
change, we infer a capture velocity for sub-Doppler cooling
of vc ≈ 0.9 m=s. Fewer molecules are detected when the
cooling light is applied. This depletion is largest (55%)
when Δ ¼ 0. We have investigated and ruled out several
possible causes for this loss, including deflection or heating
of the molecular beam in the y direction, incomplete optical
pumping in the clean-up region, or decay to other rotational
levels. We are investigating unexpected losses to higher-
lying vibrational states.
We fit the density distributions to a sum of four
Gaussians, Gi, with a common center, but different
(a) (b) (c)
FIG. 1. (a) Schematic of the experiment. (b) Relevant energy levels and branching ratios. Solid arrows: transitions used for laser
cooling and repumping, along with their wavelengths. Wavy arrows: spontaneous decays with their branching ratios. The states labeled
[561] and [557] are mixtures of the A2Π1=2ðv0 ¼ 1Þ state and a perturbing state withΩ ¼ 1=2, sometimes called [18.6]0.5 [47]. For these
states, the branching ratios of the dominant decays to v ¼ 1 are shown. (c) Hyperfine structure of the main cooling transition,
X2Σþðv ¼ 0; N ¼ 1Þ–A2Π1=2ðv0 ¼ 0; J0 ¼ 1=2Þ. The frequency components of the 552 nm laser are indicated by the spectrum in red.
For red detuning (as shown here) Δ is negative.
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amplitudes and widths. For Δ > 0, G1 represents the
narrow central peak, G2 the broad dip, and G3 the even
broader curvature of the baseline. G4, always of low
amplitude, helps to reproduce the shoulders of the narrow
peak. Fits to the data in Fig. 2(d) are shown by the lines. We
define the peak height and width as the amplitude and
width of G1, and use these parameters to quantify the
effectiveness of the cooling.
Figure 2(e) shows the normalized density distributions at
the two CCDs when Δ ¼ 2Γ, B ¼ 1.2 G, ϕ ¼ 0 and
P0 ¼ 90 mW. The peak is higher at CCD2 because the
density of the uncooled beam, which provides the normali-
zation, decreases faster than that of the cooled beam. Our
simulations (see below) show that molecules in the central
peak have a Boltzmann velocity distribution with no
correlation between position and velocity. In this case,







where w1;2 are the rms widths of the peaks at the two
detectors. Fitting the four-Gaussian model to the data in
Fig. 2(e) gives w1 ¼ 1.009 0.045 mm and w2 ¼ 0.905
0.021 mm, where the errors are the statistical uncertainties
from the fit. These uncertainties translate into a temperature
resolution of 100 μK. The systematic error due to uncer-
tainty in the imaging magnification and various misalign-
ments of the cameras are below 0.6%, so contribute
negligibly to the uncertainty. Although w2 < w1, implying
a negative temperature, the widths differ by only 2σ. We
conclude that the temperature is below the resolution of the
measurement, giving us an upper temperature limit of
Tupper ¼ 100 μK. Given the measured widths, the proba-
bility of T being higher than this is only 0.13%. Fits to
unnormalized data also give T consistent with zero and an
upper limit reduced to 80 μK. Fitting single Gaussians to
the data lying within x < xcut gives T consistent with zero,
with an uncertainty below 100 μK, for all choices of
xcut < xmin. We have modeled the possibility that the
central peak contains two separate distributions at temper-
atures Thot and Tcold, with Tcold ≪ Thot. This can lead to
w2 < w1 because the hot, rapidly expanding component
broadens the peak at CCD1 more than at CCD2. The model
can reproduce the observed widths provided Thot >
0.5 mK and Tcold < 35 μK. Though this method lowers
the temperature limit, it depends on the model being the
correct one, so we prefer to use Tupper as a more
conservative upper limit. Our estimate of Tupper is below
the Doppler temperature, which for these parameters is
TD ≈ 450 μK. It is also below the minimum Doppler
temperature of TD;min ¼ ℏΓ=ð2kBÞ ¼ 137 μK.
Figure 2(f) shows the results of simulating these experi-
ments. The cooling force and momentum diffusion coef-
ficient are calculated as functions of velocity by solving the
optical Bloch equations, following the approach of
Ref. [50] extended to account for the hyperfine structure
of the ground and excited states and the three frequency
components of the 552 nm light. Using these results, the
distribution of molecules is calculated by solving the
Fokker-Planck equation [51]. For Δ ¼ 1.5Γ, the simula-
tions reproduce the cooling data well, showing a central
peak of width 1.17 mm, similar to the measured width
of 0.87 0.04 mm. The simulations predict a capture
FIG. 2. (a)–(c) Fluorescence images at CCD2 with B ¼ 0.8 G, ϕ ¼ 0 and (a) no light in the cooling region, (b) Δ ¼ þ1.5Γ,
(c)Δ ¼ −1.5Γ. (d) Normalized density distributions along x obtained by integrating the images over the z direction and then dividing (b)
and (c) by (a). (e) Normalized density distributions at CCD1 (red open circles) and CCD2 (blue solid circles), for Δ ¼ 2Γ, B ¼ 1.2 G,
and ϕ ¼ 0. Here, P0 ¼ 90 mW. Lines are fits to the four-Gaussian model discussed in the text. (f) Simulation results for the parameters
corresponding to (d). These simulated distributions conserve the number of molecules once integrated over a wider range of positions
than shown.
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velocity of vc ¼ 0.6 m=s, close to the value estimated
above. For Δ ¼ −1.5Γ, the simulations reproduce the
central dip seen in the experiment, but show additional
structure not seen experimentally. For the parameters
corresponding to Fig. 2(e), the simulations predict a
temperature of 1 μK, only six times higher than the recoil
temperature and far below the temperature resolution of the
experiment. Reducing the cooling force or increasing the
diffusion coefficient by a factor 10 increases the predicted
temperature to 10 μK.
With Δ > 0, the peak width varies little for the range of
parameters explored, and the temperature is too low to
measure. However, the peak height varies strongly with the
parameters and is a good measure of the number of utracold
molecules. Figure 3(a) plots the peak height vs Δ showing
the dispersive shape characteristic of laser cooling. The
height is antisymmetric about Δ ¼ 0 and largest when
Δ ≃þ2Γ. Figure 3(b) shows that the peak height increases
with the length of the cooling region, L, but starts to level
off once L ≈ 20 cm.
The sub-Doppler cooling demonstrated here relies on the
presence of dark states, and the mechanism depends on the
polarization configuration, which we control through ϕ
[50]. When ϕ ¼ 0, the polarization is uniform but there are
standing waves of intensity. A molecule in a bright state,
moving towards high intensity, climbs the potential hill
arising from the ac Stark shift and is optically pumped into
a dark state near the top of the hill. As it moves on towards
low intensity, the magnetic field rotates the dark state back
into a bright state. Thus, molecules continually climb
potential hills. This mechanism, known as magnetically
induced laser cooling [52–55], has been used for transverse
cooling of SrF and SrOH beams [25,39]. The filled points
in Fig. 4(a) show the peak height vs B for this ϕ ¼ 0 case.
The cooling is ineffective if B is too small, and the peak
height increases with B up to B ≈ 1.2 G. Cooling should be
optimized when the Larmor precession time is about equal
to the time taken for a molecule to move from node to
antinode of the standing wave. Taking vc=2 as a typical
speed, we expect an optimum B of Bc ≈ 2ℏvc=ðgμBλÞ.
Using g ¼ 1=3, the degeneracy-weighted average g factor
of the ground-state hyperfine components, and vc ≈
0.9 m=s as found above, we obtain Bc ≈ 1.1 G, matching
the optimum found experimentally. For higher B, the peak
height is surprisingly insensitive to B, perhaps because of
the wide range of g factors and molecule speeds involved.
We find the cooling to be effective up to B ≈ 15 G.
When ϕ ¼ π=2, the intensity is uniform but the polari-
zation is not, and the sub-Doppler mechanism involves
nonadiabatic transitions between dark and bright states
induced by motion through this changing polarization
[56,57]. The open points in Fig. 4(a) show the peak height
vs B when ϕ ¼ π=2. The cooling is effective at B ¼ 0, as
expected since this mechanism does not require a magnetic
field, unlike the ϕ ¼ 0 case. On the contrary, the data show
that magnetic fields above 2 G are detrimental to this
cooling mechanism.
Figure 4(b) shows how the peak height depends on ϕ
when B ¼ 0. The data are roughly symmetric around
ϕ ¼ π=2 as expected, with maxima near ϕ ¼ π=4 and
3π=4, minima near ϕ ¼ 0 and π, and a local minimum near
π=2. Simulations for this polarization configuration [50]
show that the sub-Doppler force is maximized for ϕ
between π=8 and 3π=16 for the 1 → 1 system and between
3π=16 and π=4 for the 2 → 1 system. Our measurements
are consistent with those results.
In summary, we have cooled YbF molecules to sub-
Doppler temperatures by realizing the laser cooling scheme
proposed in [43]. We have explored and explained how the
cooling efficiency depends on the magnetic field and the
polarizations of the cooling beams, and have demonstrated
a successful approach to modeling the cooling of such
complex molecular systems. These are key steps towards
using ultracold molecules for an eEDM measurement [40],
and other tests of fundamental physics. Our temperature
limit of T < 100 μK extends the feasible coherence time to
τ > 150 ms. To make use of this with the current vz would
require a 24-m-long experiment. A slower beam could
be obtained by radiation pressure slowing [26,34,35],
Zeeman-Sisyphus slowing [58], or bichromatic force
(a) (b)
FIG. 3. (a) Peak height vs Δ, when B ¼ 0.8 G, ϕ ¼ 0, and
L ¼ 20 cm. (b) Peak height vs the length of the cooling region,
L, when B ¼ 0.8 G, ϕ ¼ 0, and Δ ¼ þ1.5Γ. Error bars are the
standard errors obtained from the fits.
(a) (b)
FIG. 4. (a) Peak height vs B when Δ ¼ 2Γ for two cases: ϕ ¼ 0
(filled blue points) and ϕ ¼ π=2 (open red points). (b) Peak
height vs ϕ when Δ ¼ þ2Γ and B ¼ 0. Error bars are the
standard errors obtained from the fits.
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slowing [59]. For the data shown in Fig. 2(e), there are
about 1.3 × 104 molecules per shot in the ultracold part of
the distribution. We are currently extending the method into
2D, which should yield more molecules, especially since
the capture velocity for sub-Doppler cooling is larger in 2D
[50]. The combination of a Doppler cooling period fol-
lowed by sub-Doppler cooling would increase the capture
velocity further while providing the same low final
temperature.
Underlying data may be accessed from Zenodo [60] and
used under the Creative Commons CCZero license.
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